T . K I M U R A A N D K . TAKAHASHI

Fig. 1. Schematic drawing of the calorimetric unit.
A, aluminium heat sink; B, aluminium lid; C , semiconducting thermopile plate (Sanyo TM-1012); D, glass calorimetric vessel (30 ml in volume); E, soil sample; F, polyethylene plug. vessels was added 2 ml of nutrient solution containing 5 mg glucose and 5 mg (NHJ2S04. Each vial, volume 30 ml, was plugged with a polyethylene plug to prevent evaporation of water. The six glass vials containing the soil samples were placed in the calorimetric units within 3 min, and the calorimeter output signals were recorded for about 30 h. The structure of the calorimetric unit with sample vessel is shown schematically in Fig. 1 . The oxygen in the air gap in the vessel was theoretically sufficient for the complete oxidative degradation of the added glucose. Measurements were made at 30 "C. The pH of the soil was 5.2; it did not change when the nutrient solution was added.
RESULTS A N D DISCUSSION
To check the reproducibility of the calorimeter signals, six calorimetric recordings made for the same soil preparations containing the same amount of glucose and ammonium sulphate were compared. Fig. 2 shows the degradation thermograms obtained for 5 g soil containing 5 mg glucose and 5 mg (NH&S04. Despite the recommendation by the Interunion Commission on Biothermodynamics (1982), we have used 'pV' as the unit of the calorimeter output signal instead of the power unit 'pW', since the time integral of the apparent power-time curve is not a direct measure of the heat evolution under the experimental conditions we used. The effective instrumental time constant of the calorimetric units used was about 6min; this required a correction to be made in order to estimate the amount of heat evolved during a given incubation time. The time course of heat evolution was calculated on the basis of equation (1) as described below according to the theory of Ono et al. (1965) . As shown in Fig. 2 , the reproducibility of the thermograms was excellent : they all had the same shape, characteristic of microbial growth thermograms (Takahashi, 1973; Beezer et al., 1977; Newell, 1980) . To illustrate this reproducibility more quantitatively, the peak time of the thermogram (the time at which the calorimeter signal reaches maximum amplitude), the peak height, and the total area under the thermogram, which corresponds to the total heat evolution during the degradation of glucose, were estimated from each recording and compared. The errors for the peak time (16.85 h; SD & 0.07), the peak height (52.77 pV; SD & 1-46) and the thermogram area (total heat evolution) (48.39 J ; SD f 0-61) were & 0.17%, f 1.1 % and & 0.51 %, respectively. These small errors confirm the reproducibility of the thermograms observable with such a microbial system. This method is therefore applicable for the study of soil microbes and would provide detailed information about their biological activities, if appropriate analysis were made.
For the further application of microcalorimetry to quantitative studies of soil microbes, it is necessary to establish the relationship between the heat evolution associated with glucose degradation and the actual activity of microbes in soil. The amount of viable biomass during incubation of the same soil preparations was measured at appropriate times by the most probable number method (Postgate, 1969) . At the same time the decrease in the amount of glucose due to microbial degradation during incubation was followed by chemical analysis using the modified Somogyi-Nelson method (Hiromi et al., 1963) . The analyses were made on soil samples incubated under the same conditions as those used for the calorimetric measurement. After incubation for appropriate times, the remaining undegraded glucose was extracted from the soil by adding an excess of distilled water. The soil suspension was then filtered and samples of filtrate were taken for the determination of glucose. Filtrate prepared from the soil sample without the addition of glucose was used as a blank to account for the reducing power resulting from the organic substances originally present in the soil.
The change in the number of microbial cells is shown in Fig. 3(a) . No and N ( t ) denote the numbers of microbial cells at the start of the incubation and at time t, respectively. The plot is a typical sigmoidal curve which is characteristic of the growth of microbial cultures (Monod, 1949) . Stationary phase was reached after incubation for about 20 h; the number of cells was then about 7 x lo8, which was about 100 times more than at the start of incubation. Fig. 3(b) shows the time course of glucose degradation during incubation, which was also sigmoidal. So is the initial amount of glucose (5 mg) and S(t) the amount of glucose remaining unreacted in the soil at time t. The heat evolutionf(t), was calculated by using the relationship:
where g ( t ) is the apparent calorimeter output signal at time t, and K the heat leakage modulus (Newton's cooling constant) of the calorimetric unit including the soil sample (On0 et al., 1965; Takahashi, 1976) . The value of K was 10.16 h-l in the present experimental system. The time course of heat evolution thus obtained is shown in Fig. 3(c) . 
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From Fig. 3 , it is clear that the changes in these quantities are very similar, strongly suggesting that the heat evolution observed during incubation of the soil with glucose is associated with the increase in the amount of viable biomass that grows by consuming glucose as an energy source. No) and the amount of glucose consumed (So -S(t)) are plotted against the heat evolution, At) (Fig. 4a, b) .
This point becomes clear if the increase in the numbers of viable cells (N(t) -
From the linear relationships found, we conclude that the heat evolution observed during the degradation of glucose in soil reflects changes in the activity.of viable biomass.
The average heat evolution for the formation of a unit cell was obtained from the slope of Fig.  4(a) as
Since, as described bdow, the average doubling time ( t d ) of microbes in the soil studied was 2.3 h, the average heat evolution rate (the heat effect) per unit cell is calculated to be q = 5.53 x 10-8/2.3 J h-' per cell = 6-68 pW per cell
This value is very close to those determined by the calorimetry of pure cultures: 1-8 x cal h-' per cell (2-1 pW per cell) for Escherichia coli (Prat, 1969 ) and 3.5 x cal h-' per cell (4.1 pW per cell) for Saccharomyces cerevisiae (Lamprecht et al., 1971 ). This again indicates that the heat evolution is a reflection of the increase in the microbial biomass in the soil studied.
From the slope of Fig. 4(b) , the average heat evolution per unit of glucose degraded was the amount of glucose degraded and the heat evolution observed during incubation of brown arid andosol (5 g) with glucose (5 mg) at 30 "C.
heat evolution associated with the anaerobic growth of S. cerevisiae (Lamprecht, 1980 ) on a liquid synthetic medium containing glucose as the sole energy source. The difference between the above values for a and AHc is most probably due to the enthalpy changes associated with the anabolic processes, as reported for the growth of E. coli by Dermoun & Belaich (1979 . The above two values of o and a give an apparent yield constant for the formation of microbial cells of
From this value, it can be calculated that 3 x 1Olo molecules of glucose are required to form the unit microbial cell in soil. In a previous paper (Hashimoto & Takahashi, 1982) , we reported that the heat evolution during the exponential growth of a microbe is given by the following equation:
where p is the growth rate constant and A and B are constants. On the assumption that this relationship also holds for the experimental system described here, a Guggenheim plot (Takahashi, 1976; Hiromi, 1978; Hashimoto & Takahashi, 1982) was used to evaluate the 'apparent growth rate constant' of the microbes in the system (Fig. 5 ) : the plot was linear for incubation times up to 15 h. This indicates that, even with a system involving many species of microbes, equation (6) can be' used to obtain quantitative information about microbial activity in terms of kinetic parameters. From the slope of the plot, the apparent growth rate constant ( p ) was 0.302
Another way to express microbial activity is by 'generation time', defined as the time required for cell division. This is also frequently called 'doubling time'. In the soil microbial system, where the integrated activity of many species of microbes is detected, it seems more practical and convenient to use the term doubling time, representing a definite period during which the integrated activity of the microbes in soil is doubled. The doubling time (td) was 2.3 h for our system.
For a growing culture of pure microbes, the growth rate constant is generally estimated from the plot of In N ( t ) versus t in our notation. This plot was made with the results given in Fig. 3 (a) and is shown in Fig. 6 . The solid line was drawn assuming p = 0.302 (determined by the
0.002 h-* (mean, & SD, of the six measurements). For the plot, At was taken to be 2 h in the present system whereas the doubling time was 2.3 h as described in the text. Guggenheim method described above). The experimental data fall in a reasonable range within experimental uncertainty. This further supports the view that the heat evolution observed during the microbial degradation of glucose in soil is proportional to the change in the amount of viable biomass. The value of p determined above is only an apparent one and does not give any information about the biochemical activity of the individual organisms. However, since heat evolution is also proportional to the amount of glucose degraded (Fig. 4b) , the kinetic parameter, determined from eitherf(t) or N(t), can reasonably be regarded as the specific degradation rate (kd) of glucose under the given conditions in soil, and may be used as an index to express how fast the material is decomposed by microbial action. Thus k, = p = 0,302 & 0.002
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It is evident that this parameter is a constant indicative of the susceptibility of glucose to degradation by the soil microbes in quantitative terms. If the same method is applied to the study of other organic substances, information about microbial degradability, which is very important in ecology, will be obtained. We believe that the method described here can be used to characterize dynamic features of organic materials in soil and will contribute to further advances in the quantitative description of ecological systems.
